When disoriented in a closed rectangular tank, fish (Xenotoca eiseni) reoriented in accord with the large-scale shape of the environment, but they were also able to conjoin geometric information with nongeometric properties such as the color of a wall or the features provided by panels located at the corners of the tank. Fish encoded geometric information even when featural information sufficed to solve the spatial task. When tested after transformations that altered the original arrangement of the panels, fish were more affected by those transformations that modified the geometric relationship between the target and the shape of the environment. Finally, fish appeared unable to use nongeometric information provided by distant panels. These findings show that a reorientation mechanism based on geometry is widespread among vertebrates, though the joint use of geometric and nongeometric cues by fish suggest that the degree of information encapsulation of the mechanism varies considerably between species.
Comparative research on spatial reorientation mechanisms has shown that geometric features of an environment are spontaneously taken into account by a variety of organisms (rats: Cheng, 1986 ; domestic chicks: Vallortigara, Zanforlin, & Pasti, 1990 ; pigeons: Kelly, Spetch, & Heth, 1998; rhesus monkeys: Gouteux, Thinus-Blanc, & Vauclair, 2001 ; tamarins: Deipolyi, Santos, & Hauser, 2001) . The term spatial reorientation refers to getting one's bearings after disorientation (i.e., after being spun around and/or being reintroduced into an enclosure that has been reoriented in the larger environment). Interestingly, in some species, geometric cues predominate over local, nongeometric cues, even when the latter would allow the organisms to make the distinction between geometrically similar places. For instance, following an inertial disorientation procedure (being turned slowly without viewing the environment) in a familiar rectangular room, without any featural information available, young children rely on the large-scale geometry of the room to reorient themselves (Hermer & Spelke, 1994) ; however, young children failed to reorient by nongeometric information, such as a distinctive differently colored wall in the rectangular room, in spite of the fact that this featural information would have allowed fully successful reorientation (Hermer & Spelke, 1994 . Rats also have been proved to rely almost exclusively on geometric cues in a working-memory version of the reorientation task in the rectangular environment (Cheng, 1986) . In a reference-memory version of the task, rats eventually used featural information to distinguish between geometrically equivalent locations, but geometric shape still dominated over features, because rats did not follow the correct feature when it was moved to a geometrically incorrect corner (Cheng, 1986) . Some of the follow-up studies with children used reference memory (Hermer & Spelke, 1994) and others used workingmemory (Hermer-Vasquez, Spelke, & Katsnelson, 1999) , always revealing predominant reliance on geometric cues.
Rats tested in spatial tasks that do not involve spatial disorientation have proved able to use nongeometric information (e.g., Morris, 1981; Suzuki, Augerinos, & Black, 1980) , and therefore Cheng's findings have been interpreted to suggest that spatial reorientation depends on an encapsulated, task-specific mechanism, a "geometric module" (Cheng, 1986; Cheng & Gallistel, 1984 ; see also Fodor, 1983) . The module would encode only the geometric properties in the arrangement of surfaces as surfaces: In the case of the spatial reorientation task in the rectangular environment, for instance, the geometric module would use only metric properties (i.e., distinction between a long and a short wall) and what is known in geometry as sense (i.e., distinction between right and left).
Human adults, in contrast to young children and rats, readily solved the colored-wall version of the reorientation task in the rectangular environment (Hermer & Spelke, 1994) , suggesting that the most striking limitations of the geometric module are overcome during human development. Spelke (1994, 1996) also went on with a more specific and strong hypothesis: namely, that the performance of human adults, when compared with that of rats and young children, would suggest that some representational systems become more accessible and flexible over development and evolution.
Research has suggested that language could be necessary to human beings for combining geometric and nongeometric information. Hermer-Vasquez et al. (1999) found that human adults behave like rats and young children when performing the blue-wall version of the task while simultaneously engaged in verbal shadowing (as control condition shadowing of nonlinguistic rhythm was used in order to make working-memory requirements as similar as possible). This would suggest that, in humans, some aspects of language may be necessary to integrate information from two different spatial systems (i.e., geometric and nongeometric).
However, the hypothesis that language is crucial for conjoining geometric and nongeometric cues appears to be at odds with other comparative evidence. Although rats do indeed behave like young children, other species, including chickens (Vallortigara et al., 1990) , pigeons (Kelly et al., 1998) , and rhesus monkeys (Gouteux et al., 2001) , show a considerable ability to reorient by conjoining geometric and nongeometric information. Slight differences in methodologies probably play some role in these different performances (see, for instance, Learmonth, Nadel, & Newcombe, 2002 , for the crucial role of the size of the rectangular arena in the performance of young children). Alternatively, the integration of information from two different spatial systems may be species specific.
Recently, we provided preliminary evidence that reliance on purely geometric information for spatial reorientation could be observed even in a vertebrate species that is very distantly related to humans-fish (Sovrano, Bisazza, & Vallortigara, 2002) . We used Xenotoca eiseni fish (Family Goodeidae), a live-bearer fish native of Mesa Central plateau of Mexico. These fish are omnivorous; males are only slightly smaller than females, but there is strong dimorphism in the coloration, with males more colorful than females (in males, but not females, the front part of the caudal peduncle is blue, and the area adjacent to the caudal fin is bright red). We chose to study this particular species because it lives in shallow, quiet, transparent water with pebbles and rich vegetation (though the fish rapidly adapt even to different environments), thus relying on visual features of the environment for orientation (see Meyer, Wischnath, & Foerster, 1985) . We tested fish in some of the tasks used with humans (Hermer & Spelke, 1994) . Results suggested that fish conjoined geometric and nongeometric information to reorient themselves in the colored-wall task (Sovrano et al., 2002) . In this article, we extended these observations by performing further tests that involve the use of close and distant landmarks as well as the spatial rearrangement of the distribution of nongeometric information. Moreover, we considered the possibility of sex differences in the use of geometric and nongeometric cues for spatial reorientation, an issue that has never been considered before for the spatial reorientation task in the rectangular environment in nonhuman species.
Sex has been proved to affect deeply spatial cognition in both laboratory and ecological settings (see Jacobs, 1996) . Sex differences in spatial abilities of mammals and birds appear, in general, consistent with predictions of evolutionary theory (e.g., with hypothesized social roles of early women and men, Silverman & Eals, 1992 ; with maintenance and patrolling of a territory in polygynous birds, Vallortigara, 1996;  with traversing large or small home ranges in search of mates in polygynous or monogamous species of rodents, Sherry, Jacobs, & Gaulin, 1992 ) and appeared to have neurological counterparts (e.g., hippocampal size; Jacobs, 1996; Reboreda, Clayton, & Kacelnik, 1996; Sherry, Forbes, Khurgel, & Ivy, 1993) . Many species of fish live within home ranges or territories and exhibit a variety of mating systems and sexually dimorphic traits; for these fish, spatial memory could provide efficient ways of remembering the distribution of feeding sites or spaces that provide shelter from predators (Braithwaite, 1998) . However, no evidence is available as to possible sex differences in spatial cognition in fish. In the species of fish we used, no clear evidence of territorial behavior has been reported, though there is evidence of sexual selection (see Meyer et al., 1985) . Thus, we decided to consider sex as a potentially important variable in our study of spatial reorientation.
In Experiment 1, fish were tested in the classical white-walls version of the spatial reorientation task (Hermer & Spelke, 1994) in order to check whether they could encode purely geometric information. In Experiment 2, fish were tested in the blue-wall version of the task (Hermer & Spelke, 1994 ) to check whether they were able to conjoin geometric and nongeometric information. These experiments replicate and extend some of the experiments that have been published in the preliminary note by Sovrano et al. (2002) but differ from those in that they also take into consideration the sex of the animals as a variable. The other experiments are completely novel. In Experiment 3, we investigated whether encoding of purely geometric information would occur even when nongeometric information is available and sufficient for solving the task and whether fish use information provided by distant landmarks or only that provided by landmarks close to the target. In Experiment 4, fish were tested for the effects of some transformations in the spatial arrangement of nongeometric information that could or could not alter the geometrical relationships between the target and the shape of the environment.
Experiment 1

Method
Subjects. Eight (4 males and 4 females) mature fish (ranging 3-5 cm in length) of the species Xenotoca eiseni were used. Fish came from a stock maintained in our laboratory within vegetation-rich (Ceratophillum sp.) large tanks (55-120 L) provided with artificial illumination 16 hr per day.
Apparatus. The apparatus was described in Sovrano et al. (2002) . It consisted of a rectangular tank (31 cm long, 14 cm wide, and 16 cm high), with uniform white walls, covered with a one-way screen to eliminate extra-tank cues and lit centrally with a 75-W light bulb. The testing tank was inserted in a larger tank (60 cm ϫ 36 cm ϫ 25 cm) so as to create an annular region (see Figure 1 ) with vegetation and food where the test fish was located together with other five conspecifics (not tested) that provided motivation for social reinstatement (see, for evidence, Sovrano, Bisazza, & Vallortigara, 2001; Sovrano, Rainoldi, Bisazza, & Vallortigara, 1999) . In each trial, the fish was brought to the inner tank by gently inserting it into an opaque plastic cylinder (6 cm in diameter; without top and bottom) placed in the center of the inner tank. After 10 s, the cylinder was removed by lifting it gently, thus leaving the fish in the middle of the test tank. Four identical opaque doors (2 cm ϫ 3 cm; 5 cm from the floor), made of a sheet of flexible plastic material, were located at the corners of the tank (which were smoothed to allow insertion of the doors; see Figure 1 ). Only one door could be opened, the others being blocked (the correct door is conventionally indicated with A in Figure 1 , but different animals were tested with different corners, counterbalancing also across sex). For the blocked doors, the flexible plastic material was completely glued to the outer walls of the inner tank so that it could not be opened. For the correct door, in contrast, the flexible plastic material was glued to the walls only on the top side so that the plastic material could be easily bent by the animal. Fish thus could open the correct door to escape by pressing on it with the snout; attempts to escape were clearly visible from videorecording because of characteristic movements of the tail and body of the fish (observations reliability among different observers was 100%).
Procedure. Before testing, fish underwent a shaping procedure in their home tank (30 cm ϫ 40 cm ϫ 20 cm) for 10 days; we used a partition that divided their home tank in two halves, one ("comfortable") with food and vegetation, and the other ("uncomfortable") without any food and vegetation. Two moveable doors identical to those subsequently used at test were positioned on the partition, allowing the fish to move between the two compartments. In this way, fish were accustomed to the use of the moveable doors before testing. At test, fish were given 5 daily sessions of 10 trials. In each trial, the number of attempts to escape through the four doors was videorecorded, until the fish was able to exit and rejoin conspecifics in the annular region (in each trial, the maximum time allowed to escape was 20 min). Intertrial interval was 10 min, during which the fish was allowed to remain in the annular region (reinforcement time). After that, the tank was rotated 90°, and the fish was placed in a closed, opaque container and slowly, passively rotated on a rotating chair in order to eliminate use of compass and inertial information before being tested again.
Frequency of escape attempts, that is, total escape attempts per fish summed over the session of 10 trials, were used as individual data, entering analyses of variance (ANOVAs) with sessions, sex, and corners as factors. (Normality of distribution and any need for data transformation to account for heterogeneity of variances were checked for before applying ANOVAs.) At the end of training, analyses of first choices in each individual trial of the last session were also performed, using nonparametric tests. A rejection criterion of p Ͻ .05 was used throughout.
Results
Frequencies of escape attempts are shown in Figure 2 . Data were analyzed by an ANOVA, with sex as a between-subjects factor, and geometry (AC vs. BD) and sessions (1st, 2nd, . . . 5th) as within-subjects factors. The ANOVA revealed significant effects of geometry, F(1, 6) ϭ 141.34, sessions, F(4, 24) ϭ 3.48, and a Geometry ϫ Sex interaction, F(1, 6) ϭ 10.07. There were no other statistically significant effects, sex: F(1, 6) Ͻ 1.0; Geometry ϫ Sessions: F(4, 24) ϭ 1.93; Sex ϫ Sessions: F(4, 24) ϭ 1.04; Geometry ϫ Sex ϫ Sessions: F(4, 24) ϭ Ͻ 1.0.
Escape attempts tended to decrease with testing sessions, but there were no significant interactions associated with geometry or sex. Fish proved able to direct escape responses predominantly on Corners A and C with respect to corners B and D in both males, F(1, 3) ϭ 104.47, and females, F(1, 3) ϭ 41.54. However, the use of geometric cues seemed to be somewhat more efficient in males than in females, as indicated by the significant Geometry ϫ Sex interaction (see Figure 2 ). There were no differences between Corner A and Corner C, F(1, 6) Ͻ 1.0; the interaction with sex was also not significant, F(1, 6) Ͻ 1.0. This demonstrates that fish were orienting only by the geometry of the enclosure and confused geometrically equivalent locations. No differences between Corners B and D were observed, F(1, 6) ϭ 1.37.
Analyses of first choices in the last session confirmed the results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 31% Ϯ 6%, B ϭ 18% Ϯ 6%, C ϭ 33 Ϯ 3%, D ϭ 18% Ϯ 4% (data for males and females were lumped together because there was no evidence of sex differences); choices for the geometrically correct corners, A and C, were significantly higher than choices for the noncorrect corners, B and D (Wilcoxon signed-ranks test, N ϭ 8, T ϭ 33).
The results show that fish were able to use the spatial arrangement of the tank walls to locate the two geometrically correct corners. In so doing, they must have used a combination of metric properties (i.e., distinction between a long and short wall) and right-left discrimination. These properties define the so-called "displacement properties" in geometry, namely, the set of properties that stay constant when an object is rigidly displaced in an environment.
Experiment 2
The results of Experiment 1 showed that, in the absence of other cues, fish use the geometric relationship between the target and the overall shape of the environment to provide a partial disambiguation to the spatial reorientation problem. In the following experiment, a conspicuous nongeometric cue was added: One of the walls of the tank was blue colored. We were interested in checking whether in this case fish would be able to integrate geometric and nongeometric information to provide a complete disambiguation of the spatial reorientation problem.
Method
Subjects. Eight (4 males and 4 females) naive mature fish (ranging 3-5 cm in length) of the species Xenotoca eiseni were used. Rearing conditions were the same as in the previous experiment.
Apparatus and procedure. Apparatus and procedure were the same as in the previous experiment, but this time one of the longer walls had a Figure 1 . Schematic representation of the test apparatus. The test fish could escape from the inner rectangular tank, pushing moveable opaque doors placed at the corners A, B, C, and D, and rejoin its companions in the annular region (dotted area) of the outer tank. In Experiment 1 (left panel), the walls of the testing tank were all white. Only the door at Corner A could be opened, the others being blocked. A partial disambiguation of the task was possible: Fish could distinguish between Corners A and C and Corners B and D using purely geometric information (Corner A and its rotational equivalent, Corner C, are in fact indistinguishable on the basis of purely geometric information but can be distinguished from Corners B and D, which, in turn, are geometrically equivalent and cannot be distinguished from each other). In Experiment 2, one wall was made of a different color, that is, blue (indicated by the bold line in the right panel). Only the door at Corner A could be opened, the others being blocked. Fish could disambiguate between the two geometrically equivalent corners, A and C, using the nongeometric information provided by the blue wall. distinctive color, that is, blue. Only one door could be opened (A in Figure 1 bottom), the others being blocked.
Results
Frequencies of escape attempts in the blue-wall task are shown in Analyses of first choices in the last session confirmed the results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 56% Ϯ 6%, B ϭ 13% Ϯ 4%, C ϭ 12% Ϯ 3%, D ϭ 19% Ϯ 4% (data for males and females were lumped together because there was no evidence of sex differences); choices for the correct corner, A, were significantly higher than choices for the geometrically equivalent corner, C (Wilcoxon signed-ranks test, N ϭ 8, T ϭ 36).
Experiment 3
Previous work with rats (Cheng, 1986) , chicks (Vallortigara et al., 1990) , and pigeons (Kelly et al., 1998) used panels located at the corners as featural (nongeometric) information. In this experiment, we used a similar procedure with fish. Four different and distinctive panels were located, one at each of the four corners (Figure 4) , and fish were trained as in the previous experiments. Moreover, we tried to answer two further issues. First, we wanted to know whether fish encoded geometric information when trained in the presence of panels, that is, when nongeometric information provided by panels sufficed to solve the task. (Note that, in contrast with the blue-wall task of Experiment 2, in which conjoining of both geometric and featural information is necessary for a complete disambiguation of the spatial task, the panels alone provide enough information to locate each corner without any need for encoding purely geometric information.) To check for this, after training, we tested fish with all panels removed (Figure 4 , top panel). Secondly, we wanted to know whether fish used the information provided by the overall arrangement of panels or used only nongeometric information close to the target. To check for this, after training with the four panels, we removed panels located at the two geometrically correct locations (A and C; Figure 4 , bottom panel). If fish use the information provided by the overall arrangement of panels, then the nongeometric information that is still available (Panels B and D) would be sufficient to solve the task.
Method
Subjects. Ten (5 males and 5 females) naive mature fish (ranging 3-5 cm in length) of the species Xenotoca eiseni were used. Rearing conditions were the same as in the previous experiment.
Apparatus and procedure. The apparatus and general procedure were the same as those of Experiment 1 except that four different panels of a plastic material (4 cm ϫ 16 cm) were placed in the four corners (Figure 4) . One panel comprised horizontal black and white stripes (4 cm ϫ 2 cm); the second panel was uniformly blue colored; the third panel had a black X (size of the stripes: 0.8 cm ϫ 4.5 cm), located 1 cm from the bottom, on an orange background; and the fourth panel comprised green and yellow vertical stripes (1 cm ϫ 16 cm). Each panel had a hole the same size as the doors located at the corners. As in the previous experiment, only one door (conventionally indicated with A) could be opened. A different positive panel (i.e., the one that indicated the corner with the exit) was used for the different animals (a different panel was used for each of the four pair of fish; the last pair was tested using again the panels of the first pair). The Figure 4 . Schematic representation of Experiment 3. Fish were trained with the panels located at the four corners (A indicates conventionally the position of the reinforced door, also shown by ϩ), and then they were tested after removal of all of the panels (top panel) and after removal of the two panels located in the two geometrically correct positions (bottom panel).
other three panels were placed in a fixed arrangement for each fish (and in different arrangements for different fish).
Training was done with the same methods as in the previous experiments (5 daily sessions of 10 trials). Tests were given as a single daily session of 10 trials (each trial lasting 2 min with intertrial intervals of 10 min). During tests all doors were blocked. The first test was given in the afternoon after the end of the last training session (2 hr after the end of the last training session). Then fish were given another two daily sessions of training to re-establish motivation; the second test was given in the afternoon of the second day of retraining (2 hr after the end of the last training session). Half of the animals were first tested with removal of all four panels and then with removal of only the two panels in the geometrically correct positions, and the other half were first tested with removal of the two geometrically correct panels and then with removal of all four panels.
Results
Frequencies of escape attempts during training with the four panels are shown in Figure 5 Analyses of first choices in the last session confirmed the results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 64% Ϯ 6%, B ϭ 11% Ϯ 2%, C ϭ 15% Ϯ 5%, D ϭ 10% Ϯ 3% (data for males and females were lumped together because there was no evidence of sex differences); choices for the correct corner, A, were significantly higher than choices for the geometrically equivalent corner, C (Wilcoxon signed-ranks test, N ϭ 10, T ϭ 53).
Frequencies of escape attempts during testing after removal of the four panels were analyzed by an ANOVA, with sex as a between-subjects factor, and geometry (A and C vs. B and D) and trials (1st, 2nd, . . . 10th) as within-subjects factors. The ANOVA revealed significant main effects of geometry, F(1, 8) ϭ 9.30, and sex, F(1, 8) ϭ 6.82. There were no other statistically significant effects, trials: F(9, 72) ϭ 1.70; Trials ϫ Sex: F(9, 72) ϭ 1.22; Geometry ϫ Sex: F(1, 8) Ͻ 1.0; Geometry ϫ Trials: F(9, 72) Ͻ 1.0; Geometry ϫ Sex ϫ Trials: F(9, 72) Ͻ 1.0. Results are shown in Figure 6 (lumping together data for the 10 trials given that there were no significant interactions associated with trials).
Results thus clearly showed that after removal of the panels the fish did not go back to random escape attempting in the four corners: They systematically chose the two locations (Corners A and C) specified by geometric information. There was a sex difference, in that frequency of escape attempts tended to be slightly higher in males than in females. However, no interaction with geometry was observed, and therefore we can conclude that both males and females encoded geometric information during training and used it at test after the panels were removed.
Analyses of first choices in the test session confirmed the results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 26% Ϯ 4%, B ϭ 18% Ϯ 3%, C ϭ 36% Ϯ 4%, D ϭ 20% Ϯ 2% (data for males and females were lumped together because there was no evidence of sex differences); choices for the geometrically correct corners, A and C, were significantly higher than choices for the geometrically incorrect corners, B and D (Wilcoxon signed-ranks test, N ϭ 10, T ϭ 51).
Frequencies of escape attempts during testing after removal of the panels in the two geometrically correct locations (Panels A and C) are shown in Figure 7 . Data were analyzed by an ANOVA, with sex as a between-subjects factor, and geometry (A and C vs. B and D) and trials (1st, 2nd, . . . 10th) as within-subjects factors. The ANOVA revealed significant main effects of sex, F(1, 8) ϭ 6.54, and trials, F(9, 72) ϭ 2.97, and a significant Geometry ϫ Sex interaction, F(1, 8) ϭ 7.97. There were no other statistically significant effects, geometry: F(1, 8) ϭ 1.50; Trials ϫ Sex: F(9, Analyses of first choices in the test session confirmed that fish were unable to use the featural information provided by distant panels located in the B and D corners. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 30% Ϯ 6%, B ϭ 22% Ϯ 5%, C ϭ 26% Ϯ 5%, D ϭ 22% Ϯ 7% (data for males and females were lumped together because there was no evidence of sex differences); choices for the correct corner, A, were not significantly different than choices for the geometrically equivalent corner, C.
Results thus showed that fish were unable to use the information provided by distant panels (B and D) to disambiguate between Corners A and C. Fish appeared to be disturbed by the absence of panels in Corners A and C; males, in particular, showed random escape attempts, whereas females maintained predominant escape attempts at the two geometrically correct corners (A and C).
Experiment 4
Previous experiments showed that, although able to conjoin geometric and nongeometric information for reorienting themselves, fish made only limited use of the overall arrangement of nongeometric information. In this Experiment, we tested the effects of two geometric transformations on the spatial arrangement of panels: the affine transformation and the diagonal transposition (see Figure 8) . Both of these transformations alter the original spatial arrangement of the panels. However, the affine transformation also modifies the geometric relationship between the target (the correct corner) and the shape of the environment, putting geometric and nongeometric information in conflict, whereas the diagonal transposition does not. The aim of the experiment was to verify whether fish would be more impaired in their reorientation performance after an affine transformation than a diagonal transposition.
Method
Subjects. Ten (5 males and 5 females) naive mature fish (ranging 3-5 cm in length) of the species Xenotoca eiseni were used. Rearing conditions were the same as in the previous experiments.
Apparatus and procedure. Apparatus and general procedure were the same as in the previous experiment. Fish were trained to escape from Corner A in the presence of the four panels. Then they were tested with panels dislocated according to either a diagonal transposition (Figure 8, top  panel) and an affine transformation (Figure 8, bottom panel) . Half of the animals were first tested with the diagonal transposition and then with the affine transformation, the other half vice versa. All other details of procedure were the same as in the previous experiment.
Results
Frequencies of escape attempts during training with the four panels are shown in Figure 9 . Data were analyzed by an ANOVA, with sex as a between-subjects factor, and corners (A, B, C, and D) and sessions as within-subjects factors. The ANOVA revealed significant main effects of corners, F(3, 24) ϭ 27.37, and sessions F(4, 32) ϭ 27.29, and significant Corners ϫ Sessions, F(12, 96) ϭ 3.70, and Sessions ϫ Sex, F(4, 32) ϭ 3.31, interactions. There were no other statistically significant effects, sex: F(1, 8) ϭ 1.17; Corners ϫ Sex: F(3, 24) Ͻ 1.0; Corners ϫ Sex ϫ Sessions: F(12, 96) ϭ 1.64. Results fully duplicated those of the previous experiment, with fish being able to use information provided by panels to solve the task and escape systematically from Corner A.
Analyses of first choices in the last session also confirmed the results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 55% Ϯ 5%, B ϭ 20% Ϯ 4%, C ϭ 14% Ϯ 3%, D ϭ 11% Ϯ 4% (data for males and females were lumped together because there was no evidence of sex differences); choices for the correct corner, A, were significantly higher than choices for the geometrically equivalent corner, C (Wilcoxon signed-ranks test, N ϭ 10, T ϭ 55). Figure  10 (lumping together data for the 10 trials given that there were no significant interactions associated with trials).
Separate analyses revealed that fish chose the geometrically correct corners, A and C, more frequently than the geometrically incorrect corners, B and D, F(1, 8) ϭ 6.23. However, fish also disambiguated between the two geometrically equivalent corners, choosing Corner C in preference to Corner A, F(1, 8) ϭ 7.82, thus showing that they were using the nongeometric information provided by the correct panel, which was located at C. There were no differences between Corners B and D, F(1, 8) ϭ 1.87.
Analyses of first choices in the test session confirmed the results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 20% Ϯ 4%, B ϭ 23% Ϯ 6%, C ϭ 44% Ϯ 6%, D ϭ 13% Ϯ 6% (data for males and females were lumped together because there was no evidence of sex differences); choices for Corner C were significantly higher than choices for Corner A (Wilcoxon signed-ranks test, N ϭ 8 [two cases eliminated for differences ϭ 0], T ϭ 36).
Note that such an outcome could not have been predicted by the results of the test in which panels in the two geometrically correct locations were removed (Experiment 3, second test). In fact, although fish did not appear to take into account the correct locations of the distant panels with respect to geometry in the test in Experiment 3 (where the correct panel was no longer available), they could have taken into account the correct locations of the distant panels with respect to the correct panel itself (which was Figure 8 . Schematic representation of Experiment 4. Fish were trained with the panels located at the four corners (A indicates conventionally the position of the reinforced door, also shown by ϩ), and then they were tested after a diagonal transposition (top panel) and an affine transformation (bottom panel).
instead available at test in the present experiment). Results clearly show that information provided by the distant panels was not encoded either with respect to the geometry of the tank or the other panels available.
Frequencies of escape attempts during test with the affine transformation were analyzed by an ANOVA, with sex as a betweensubjects factor, and corners (A, B, C, D) and trials (1st, 2nd, . . . 10th) as within-subjects factors. The ANOVA revealed significant main effects of corners, F(3, 24) ϭ 4.14, and trials, F(9, 72) ϭ 3.65. There were no other statistically significant effects, sex: F(1, 8) ϭ 2.18; Trials ϫ Sex: F(9, 72) Ͻ 1.0; Corners ϫ Sex: F(3, 24) Ͻ 1.0; Corners ϫ Trials: F(27, 216) ϭ 1.07; Corners ϫ Sex ϫ Trials: F(27, 216) ϭ 1.12. Results are shown in Figure 11 (lumping together data for the 10 trials given that there were no significant interactions associated with trials).
There was no evidence that fish chose Corners A and C more frequently than Corners B and D, F(1, 8) Ͻ 1.0. Planned comparisons revealed significant differences between Corners B and D, t(9) ϭ 3.24, Corners A and D, t(9) ϭ 3.11, and Corners C and D, t(9) ϭ 3.37. There were no other statistically significant differences.
Analyses of first choices in the test session confirmed these results. Mean percentages (ϮSEM) of first choices associated with the four corners were as follows: A ϭ 22% Ϯ 8%, B ϭ 39% Ϯ 8%, C ϭ 23% Ϯ 6%, D ϭ 15% Ϯ 5% (data for males and females were lumped together because there was no evidence of sex differences). There was no evidence of significant heterogeneity in first choices between Corners A, B, and C (Friedman test, N ϭ 10, k ϭ 3, F r ϭ 4.17).
Results clearly showed that fish were severely impaired in their reorientation performance following the affine transformation. Choices for Corner B (marked by the positive panel after the transformation) were the same as choices for the two geometrically correct corners, A and C. Only Corner D, which was not associated with either correct nongeometric information or correct geometric information, was consistently less chosen than the other three corners. 
General Discussion
Results showed that fish are able to encode and use geometric information for spatial orientation. In Experiment 1, geometric information alone could not specify unambiguously the single correct corner but was sufficient for a partial disambiguation of the reorientation task. Fish chose the two geometrically equivalent locations (A and C) with equal frequency but discriminated between Locations A and C and Locations B and D, thus showing their capacity for using purely geometric information. Our findings with fish, when considered together with similar findings obtained with birds (Kelly et al., 1998; Tommasi & Vallortigara, 2000; Vallortigara et al., 1990) and mammals (Cheng, 1986) , suggest that the ability to use purely geometric information for reorientation is widespread among vertebrates, likely representing an evolutionarily ancient cognitive mechanism.
Fish appear to be able to conjoin geometric and nongeometric information to reorient themselves. In Experiment 2, fish were tested in the presence of a distinctive nongeometric feature, that is, one wall of the tank was blue colored. The nongeometric cue provided the animal with the possibility of a complete disambiguation of the reorientation task. Results showed that fish could distinguish between the two geometrically equivalent corners, A and C, choosing correctly Corner A. Similar outcomes were obtained during training in Experiments 3 and 4, using panels located at the corners rather than a colored wall. Hermer-Vasquez et al. (1999) suggested that language, and more specifically spatial language, may provide the medium for representing conjunctions of geometric and nongeometric properties of the environment in humans. These authors noted that the ability to correctly orient in the colored-wall task (Hermer & Spelke, 1994) correlated with the ability of children to produce and use phrases involving left and right when describing the locations of hidden objects (MacWhinney, 1991) . The developmental time course of the ability to conjoin geometric and nongeometric information suggests that language abilities acquired by children starting at about 2-3 years of age would allow them to perform as well as adults at about 5-7 years of age (see Hermer-Vasquez, Moffet, & Munkholm, 2001 ). However, Gouteux et al. (2001) found that rhesus monkeys are able to combine geometric and nongeometric information; thus, they proposed a weaker version of the original Hermer and Spelke's (1994) claim according to which joint use of geometric and nongeometric information, though not strictly dependent on language, nonetheless would became accessible only to advanced mammalian species. The problem with this view is that other, nonmammalian species seem to be able to conjoin geometric and nongeometric information. Fish are one example. Among birds, both domestic chicks (Vallortigara et al., 1990) and pigeons (Kelly et al., 1998 ; see also Kelly & Spetch, 2001 ) conjoined geometric and nongeometric information to reorient themselves. Moreover, Learmonth, Newcombe, and Huttenlocher (2001) recently provided evidence that in certain conditions (i.e., using a large rectangular room) children can use nongeometric information for reorientation (see also Learmonth et al., 2002) .
Differences in methodology between all of these studies should clearly be taken into account. Most of the follow-up studies carried out with other species following Cheng's (1986) seminal work with rats (see the beginning of this article) used reference-rather than working-memory tasks. However, the reliance of human infants on the geometric cues in the colored-wall task seems to occur irrespective of whether the correct location is always the same location (corner) or a different location on different trials (though admittedly the number of trials involved, three or four trials, was always very limited with respect to those involved in animals work). It should also be stressed that our task with fish is somewhat different from that used in most of the cited literature in that it involves escape rather than a positive reinforcer (though there was also a positive component associated with social reinstatement motivation; see the Method section of Experiment 1). Another difference is associated with the fact that fish in our tests were directly responding at the corner, rather than finding a reward in a location near a corner, perhaps making the task one of beacon rather than landmark relational learning (see Gallistel, 1990; Shettleworth, 1998) . However, it is doubtful that these differences are very relevant, for our results with fish were very similar to those obtained with chicks (Vallortigara et al., 1990) and pigeons (Kelly et al., 1998 ) that used a positive reinforcer that was located near a corner.
Overall the findings obtained with nonhuman species would point to the idea that language is not necessary to conjoin geometric and nongeometric information. But, obviously, the fact that nonverbal animal species can perform these tasks does not necessarily mean that they did so using the same mechanisms used by humans. It is perfectly possible to suppose that humans do encode the available information linguistically. Comparative research should thus try to establish what sort of advantages a linguistic encoding would offer with respect to the nonlinguistic encoding, which is only available to nonhuman species.
Differences between species are likely to exist not only with respect to the mere possibility of combining geometric and nongeometric information but even with respect to the extent that the two spatial processes are actually used. For instance, Experiment 3 clearly revealed a limitation in fish: Like rats, they encoded only nongeometric information near the target and were unable to use distant panels to disambiguate geometrically equivalent locations. The same limitation has been observed in rats (Cheng, 1986) , young children (Hermer & Spelke, 1996) , and chicks (Vallortigara et al., 1990) , but not in pigeons (Kelly et al., 1998) . We are not aware of similar tasks performed with human adults.
The relative strength of geometric and nongeometric cues in different species can be revealed by transformation experiments that put into conflict different sources of information. Comparison between the diagonal transposition and the affine transformation revealed that fish, like rats (Cheng, 1986) , are more disturbed by the affine transformation, which alters the arrangement of panels with respect to the learned geometry. Chicks (Vallortigara et al., 1990) and pigeons (Kelly et al., 1998) , in contrast, seem to be little affected by these transformations. This may reflect the particular salience of local visual cues for so highly visual animals as birds. However, more comparative research with other species is needed on this issue.
Another topic that will require further research in other species is related to sex differences. Fish are the first species studied so far considering this variable. Results show that the basic abilities to encode purely geometric cues (Experiment 1) and to conjoin geometric and nongeometric cues to reorient (Experiment 2) are available to both males and females. However, males seem to be slightly better than females at using purely geometric information in Experiment 1. Although there is no clear evidence for territoriality in this species, males are clearly aggressive, and there is evidence for intrasexual competition during mate choice (Meyer et al., 1985) . This may have favored spatial abilities in males on the basis of stronger reliance on geometric cues. It could also be that females were slower in learning because they tend to attend to nongeometric cues (male body coloration is used by females in mate choice; Meyer et al., 1985) . More puzzling is the observation that males were more disturbed than females by removal of the panels in the two geometrically correct locations in Experiment 3. It is unlikely that sex differences in response to novelty can account for this effect, for there were no sex differences after removal of all panels (which should have produced an even more striking change in the environment). Again, it could be that females are more inclined to attend to nongeometric cues and thus actively explored the two locations from which such cues were disappeared. Further tests are needed to clarify this point.
A crucial finding from our experiments is that fish seem to encode spontaneously geometric information, even when this is not strictly required by the task. The presence of the panels in Experiment 3 allowed the fish a complete disambiguation of the spatial task (without any need for integrating geometric and nongeometric cues, as in the case of Experiment 2 with the colored wall). In Experiment 3, removal of all panels after training resulted in fish showing systematic escape attempts at the two geometrically correct locations. It seems that nongeometric information provided during training cannot overshadow purely geometric information. Similar results have been obtained in chicks by Vallortigara et al. (1990;  and see also Tommasi & Vallortigara, 2000 and in pigeons by Kelly et al. (1998) . This suggests a sort of primacy of geometric information, which is consistent with Cheng's (1986) original idea on the modular nature of geometric information. Why should this be so? A reasonable hypothesis is that use of geometric information for spatial reorientation makes sense ecologically. In the organism's natural environment overall geometric symmetry in the landscape is extremely rare. Moreover, the large-scale shape of the landscape does not change across seasons, whereas there are important seasonal changes in the nongeometric properties of the landscape (e.g., appearance of grass and vegetation, snowfall and melting, etc.; see also Cheng & Gallistel, 1984) .
The primacy of geometric information in fish is also relevant with respect to a recent attempt to account for the challenge that research with nonhuman animals (e.g., Gouteux et al., 2001; Vallortigara et al., 1990) provides to the Hermer-Vasquez et al. (1999) hypothesis that language would be crucial for the integration of geometric and nongeometric information. Carruthers (in press) claimed that the fact that other species are able to solve the blue-wall task does not show that they can integrate geometric with nongeometric information, for it would be possible that they solve these tasks by making use of the information sequentially.
He argued that open-country dwellers such as rats and prelinguistic humans may have an innate predisposition to rely only on geometric information when disoriented, whereas forest dwellers such as chickens and monkeys may have an innate predisposition to seek landmark information first, only using geometric information to orient in relation to known landmarks. However, results with fish (that also conjoin geometric and nongeometric information) clearly show that they rely first on geometric information (and the same can be claimed for chickens and pigeons actually; see Kelly et al., 1998; Vallortigara et al., 1990) . Geometry seems to be the main and most basic source for spatial reorientation in all species studied so far. Several species seem also to encode geometric information even when features unambiguously provide all of the relevant information for spatial reorientation; this suggests that spatial representations are hierarchically organized. The animals first memorized the overall arrangement of distant landmarks (i.e., the walls of the test cage) and then the salient features located near the target, independently of their relational properties (but see pigeons for an exception; Kelly et al., 1998) . Apparently, only the base of such a hierarchy is available to young children, possibly because neurological maturation is needed for encoding and using of featural information. Rats, which are crepuscular animals, probably use very little featural information provided by distant senses, relying instead on an internal sense of directional heading as provided by idiothetic cues (i.e., on the basis of continuous monitoring of self-generated movements; see, e.g., Taube, 1998) .
Overall, our results are consistent with the hypothesis that vertebrates are equipped with a process for spatial reorientation that relies on the metric configuration of surfaces in the environment (see also Wang & Spelke, 2002) . However, our data also suggest that information encapsulation during spatial reorientation varies widely among vertebrates. The ability to make joint use of geometric and nongeometric information does not appear to be related in any simple ways with complexity of the brain and/or phylogenetic distance with humans and thus with possession of a verbal language. This is perhaps not surprising: Like other biological characteristics, the brains and cognitive capacities of living vertebrates are a mosaic of both primitive and advanced characteristics (see, e.g., Hauser, 2000) . Dissociation between place and cue learning by telencephalic ablation has recently been obtained in fish (Lopez, Bingman, Rodriguez, Gomez, & Salas, 2000) ; apparently, the pallial region of the fish telencephalon may contain subdivisions that are homologous to the medial pallium or hippocampus of mammals (Northcutt, 1995; Rodriguez et al., 2002) . The availability of such surprising cognitive feats in fish may thus open the door to investigation into their neural substrates.
